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V0S0 4 3H2 0, vanadyl bis I-phenyl 1,3-butane dionate, vanadyl phthalocyanine

and vanadyl tetraphenylporphyrin; intermetallics: VH, VB2 , VC, VN, VP, and

VSi 2; V2S3 and a vanadium-bearing mineral, roscoelite. Vanadium in these com-
pounds exhibits a wide range of formal oxidation states (0 to +5) and coordi-

nation geometries (octahedral, tetrahedral, square pyramid, etc.) with various

ligands. The object of this systematic investigation is to gain further

understanding of the details of various absorption features in the vicinity of

the K absorption edge of a constituent element in terms of its valence, site

symmetry, coordination geometry, ligand type, and bond distances. In particular

the intensity and position of a well-defined pre-edge absorption in some

of these compounds have been analyzed semi-quantitatively within a molecular

orbital framework and a simple coordination charge concept.
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OF SELECTED VANADIUM COMPOUNDS
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P.O. Box 8, Schenectady, NY 12301
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Abstract

High resolution vanadium K-edge absorption spectra have been recorded for

a number of selected vanadium compounds of known chemical structure using syn-

chrotron radiation available at the Stanford Synchrotron Radiation Laboratory

S(SSRL). The compounds stndied include oxides: VO, Voq, vio4 PN v0, and

vanadates: NBNV03  CrVO4,, and Pb5.7 V04)Gy;C1: vanadyl compounds:

VOSO4 3H2 0, vanadyl bis 1-phenyl 1,3-butane dionate, vanadyl phthalocyanine
4 2

and vanadyl tetraphenylporphyrin intermetallics: Vi. VB.s VC. VN, VP, and

. VS ,; V S- and a vanadium-bearing mineral, roscoelite. Vanadium in these coom-

pounds exhibits a wide range of formal oxidation states (0 to +5) and coordi-

nation geometries (octahedral, tetrahedral, square pyramid, etc.) with various

ligands. The object of this systematic investigation is to lain further

understanding of the details of various absorption features in the vicinity of

the K absorption edge of a constituent element in terms of its valence, site

symmetry, coordination geometry, ligand type, and bond distances. In particu-

lr the intensity and position of a well-defined pre-edge absorption in some

of these compounds have been analyzed semi-quantitatively within a molecular

orbital framework and a simple coordination charge concept.
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J. Wang. F.W. Lytle*, R.P. Messner, and D.E. Maylotte

General Electric Corporate Research and Development

P.O. Box 8, Schenectady, NY 12301

The Boeing Company, P.O. Box 3999 2T-05, Seattle, WA 98124

I. Introduction

As the region near an x-ray absorption edge is scanned in energy. the

ejected photoelectron sequentially probes the empty electronic levels of the

material. The resulting i-ray absorption near-edge structure (XANES) within

30 eV of threshold have long been known to be rich in chemical and structural

(1.2)- information. An attempt to correlate a large number of LANES spectra for

transition metal and post-transition metal oxides, including those of vans-

(3)din, was made by White and Mclinstry. Reconciliations of molecular orbi-

tal theory with LANES spectra were made by Best for tetrahedrally coordi-

nated oxy-complexes of transition metals, by Seka and Hanson 1  for octahedral

(6) (7)complexes, and by Fischer and Tsutsumi et al. for Ti and V compounds.

Also. Fischer and Baun have taken an alternate approach using calculated

band structures (9 ,10 ) for Ti. its oxides, nitride, carbide, and boride to

*correlate the Ti L spectra from these materials.
3,2

All of the earlier efforts suffered from the (varying) poor resolution of

. their experiments. With the availability of intense and well collimated syn--

chrotron &-radiation sources, these spectra can now be measured more quickly,

7.-
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simply and with greater resolution than ever before. A number of interesting
(11-19) (-de20-22)petr

papers have recently been published on K-edge and L-edge spectra

measured with synchrotron sources. For K-edge spectra of transition metal

compounds there are generally weak but distinct absorption features just

before the onset of the main absorption edge. These features have been attri-

buted by Shulman et al. (11) to electronic transitions from ls to ad, ns (non-

dipole) and to np (dipole-allowed) empty states. For L-edge absorption, the

transitions are from 2s and 2p to some higher empty p and s or d states

respectively "23° Recently, the linearly polarized characteristic of synchro-

tron radiation has been used to determine the orientation dependence of the K-

(24,25)
*edge spectra In single crystals and enabled certain types of geometric

information about the x-ray absorbing species to be deduced.

Vanadium exhibits a wide range of oxidation states (-l,,...+$) and coor-

dination geometries (octahedral, tetrahedral, square pyramid, trigonal bipy-

ramidal as well as dodecahedral) with various ligands in its compounds. (26 }

This richness in chemical structures gives rise to a number of outstanding

absorption features in the vicinity of the V K-edge (3 "2 7 "2 8 ) and L-edge (2 9 )

that are useful in systematic study and understanding of the effect of bonding

and coordination symmetry on the observed UANES(3 0 ) spectra. In this study we

utilize synchrotron radiation from the Stanford Positron Electron Accelerator

Ring (SPEAR) available at SSRL to obtain high resolution K-edge XANES spectra

of vanadium in a series of selected compounds of well-defined coordination

geometry and known bond distances. The intensity and position of the near-

edge spectral features are analyzed within a quantum molecular orbital frame-

work and a simple coordination charge concept. The IANES spectra of these

* compounds have also been used to model and elucidate the V sites in tunioste

..................................................... . '
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*blood cells, (31) in coal, (3)and in crudeoi.(3

1I. Experimental

The compounds studied in the present investigation include the vanadium

oxides: VO, V203, V407  V204 , and V205; vanadates: N14V03. CrV04 , and

Pb (V04 )3 C1 (the mineral vanadinite); vanadyl compounds: VOSO4 "3H2 0, vanadyl

bis I-phenyl 1.3-butane dionate (VOPBD), vanadyl phthalocyanine (VPc) and

vanadyl totraphenylporphyrin (VTPP); intermetallics: VH, VB2. VC, VN, VP, and

VSi2; V2S3  and another vanadium-containing mineral: roscoelite

KAIV 2Si301 0(OH)2. The compounds VO, VB2 8 and V2S3 were purchased from Cerac

Inc., the vanadyl compounds from Eastman Kodak, NE4VO from Fischer Scien-

tific, the two minerals from Vard's Natural Science Establishment. Rochester.

NY, and the remaining materials from Alfa Inorganic Chemicals. Phase purity

of all the inorganic compounds and the two minerals was checked by in-house

powder diffraction to be better than 98%. The organic vanadyl compounds were

Kodak certified.

Spectral samples for transmission study were prepared by mulling -400

mesh powders of vanadium compounds with Duco cement, (34) squeezing the mull

between two 2" X 3" microscope slides to obtain a uniform thickness and subs@-

quent gliding the slides apart to allow the films to cure in air. Details of

the casting procedure will be described elsewhere. (3 5 )  The cast films were

allowed to cure for about 30 minutes and then removed from the microscope

slides with a sharp razor blade. The concentration of the powder in the null

and thickness of the film were manipulated so as to provide 1 to 2 absorption

lengths of the material at an energy just above the vanadium K-edge with the
U.'L

. . - . - . . . . .- .' . . . . -. -- .
**~~ ~~~~ ~ ~~ .*.- - * . . . . ** .*. . .* . . % . . * . .. . . . .
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use of a single or a duplex film.

Room temperature vanadium K-edge absorption spectra were measured with

the EXAFS I-5 spectrometer at SSRL during a dedicated run of SPEAR at an oleo-

tron energy of 3 GeV and storage ring current of - 100 mA. The synchrotron x-

ray beam from SPEAR was monochromatized with a channel-cut Si(220) crystal and

a 1-mi entrance slit, which yielded a resolution of approximately 0.3 eV at $

IJ
KeV. Spectra were recorded in four energy regions about the V K-edge at -

5465.0 eV: -100 eV to -50 eV in 10 oV steps; -50 eV to +50 in 0.5 eV steps; 0-

eV to 500 eV in 3 eV steps and 500 eV to 1000 eV in 7 eV steps. This scanning

procedure yielded quality data of both pro-edge and post-edge (EXAFS) back-

grounds for subsequent normalization of the lANES spectra. Calibrations of

the spectrometer were made before, between and after scanning various vanadium

compounds using a 5 pm thick (2.5 absorption lengths) vanadium metal foil. {$6"

The concentration of vanadium in VPc, VTPP and roscoelite was only a few per-

cent by weight. Spectral specimens of these materials were made by simply
I

packing the powder in 6 pm polypropylene bags and their spectra were taken

with a fluorescence technique (37 ) using a Ti-filter ion-chamber assembly

described elsewhere. (
3 2 ,3 8 )

III. Results and Discussion

III.A Normalized XANES and Derivative Spectrum

In order to compare quantitatively the intensity of absorption features

in various vanadium compounds the experimental K-edge spectra were normalized.

* The procedure Is illustrated graphically in Fig. 1 for the case of vanadium

metal. The solid curve. is the raw experimental data plotted as A = ln(-f)
I

* ~..-**~ * * ~ -oi• -:|



versus energy. The pre-edge region AB (-100 eV to -10 eV) is linearly fitted

and extrapolated above the edge energy to C. The post-edge (EXAFS) background

XT from 50-100 .V was determined by using a cubic spline fit procedure with

three equal segments and extrapolating below the edge energy to Z. The

absorption jump is given by PQ at E=0. The zero of energy is taken with

respect to the first inflection point of the vanadium metal in the derivative

spectrum at 5465.0 eV, which marks the threshold or onset of photo-ejection of

the is electron in vanadium metal. ( 3 6 ) The derivative spectrum within &70 eV

of the I-absorption edge is shown in Fig. 2(a) and was obtained by drawing

through points given by:

dA A(E + A)-A(E)
dE A

with A the energy step size of the absorption spectrum. This derivative spec-

t rum and those shown later in Figs. 4, 7, 9, 11, and 13 are characterized by a

well-defined and intense peak at the onset of photo-ejection in the region 0-5

eV. This feature is foilowed by a number of strong and narrow peaks to about

30 eV, defining the lANES region. At higher energies, structures in the

derivative spectrum are much broader and lower in intensity, characteristics

of the EXAFS oscillations. Thus, the derivative spectrum may be used opera-

tionally to separate the XANES and EXAFS regions of the experimental x-ray

absorption spectrum.(3 8a)

The normalized lANES spectrum was obtained by subtracting the smooth pre-

edge absorption AB from every point in the experimental spectrum in Fig. (1)

in the range ±70 eV and dividing by the step height PQ at E-0. As seen in

Fig. 2(b), the normalized I-edge XANES spectrum of bcc vanadium metal is

characterized by a sharp absorption peak at I eV. a shoulder at 6 eV. followed

by a steep-rising edge (the main absorption edge at -10 eV) that leads to

.'.
.. . .. ~ ~. .. . .. . . . . . .. - . . , . . . . _ .. . . : . . 2 : . .j . .2 ,
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various well-defined peaks at 19.2 eV, 28.8 eV and others at higher energy in

the EXAFS (extended x-ray absorption fine structure) region. The inflection

point associated with each of these absorption features shows up more clearly

as a peak in the derivative spectrum which facilitates the enumeration as well

as location of the absorption features particularly those on the rising edge

of the ZANES spectrum.

In the following sections, the K-edge XANES spectra of vanadium in the

oxides, in octahedral, square pyramidal and tetrahedral coordination will be

presented and discussed in some detail. Spectra of some vanadium intermetal-

lic compounds will also be presented and discussed.

III.B Vanadium Oxides

Vanadium forms a series of oxides over a range of formal oxidation state

(39)
(valence). The crystal structures of VO, V2 03 , V4 07 , V2 04 , and V2 0$ are

known. These oxides provide a useful series of materials for systematic study

of the effects of valence and coordination geometry on the XANES spectrum of

the central metal atom coordinated by the same ligand. VO has a NaCl struc-

ture with regular octahedral V06 units.
(4 0 ) V203 has a corundum structure in

which V3 + ions are six-fold coordination by oxygen ions at two distinct dis-

tances of 1.96 1 and 2.06 .(41) V 0 is a mixed valence oxide consisting of

4 7

both V3 + and V4 + ions. The structure consists of a distorted hexagonal close-

packed oxygen array with vanadium atoms occupying the octahedral sites (dis-

torted) so as to form rutile blocks which extend indefinitely in the triclinic

a-b plane. The rutile blocks are four octahedra thick along the perpendicular

to this plane. There are four crystallographic non-equivalent vanadium sites

with V-0 distances ranging from 1.883 to 2.101 1.(42) The crystal structure

.......... o .......... -°

.'" , ". .".- " ..- ".'.."." . . .",".-.- .'". .' '..""". ."..""..,""" ._''_." _-..,*.-..' '"' " .. .. ' ". '.-- : ' -
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(43)

of V204 is monoclinic and is a distorted form of rutile. The V &toms are

again six-fold coordinated by oxygens. but is much displaced from the center

of the octahedron resulting in a short V-0 bond of 1.76 1. In V205o the V is

five-fold coordinated in a distorted tetragonal pyramid of oxygen.(4 4 ) The

apex oxygen distance is only 1.585 1 whereas the basal V-0 distances vary from

1.78 to 2.02 1. The site symmetry of the V atom decreases from 0h in VO to C3

in V20 3  C1 in both V40 7  and V204 0 and C5 in V20$. The relevant structural

parameters of these oxides and other compounds studied here are summarized in

Table I.

The spectra of Fig. 3 show that the V K-edge LANES in thrse xides exhi-

bit a pre-edge absorption feature which grows in intensity in going from V 0
2 3

to V205. followed by a weak shoulder on a rising absorption curve (the absorp-

tion edge) which culminates in a strong peak in the vicinity of -20 eV. This

strong peak has been assigned by Shulman et al. (11) and fu et al. I(1) as the

allowed transition I -4 4p, the lower energy shoulder as the forbidden tran-

sition I - 4s and the pre-edge feature at threshold as the forbidden transi-

tion I s 3d. At energies equal to and above the ls - 4p transition absorp-

tion features may arise from transition to higher np states, shape reso-

nances and/or multiple scattering The latter two effects are

much more complicated to analyze.

Since the initial ls state is a gerade state, the ls -4 3d transition is

strictly dipole forbidden as it is in the case with VO which contains regular

octahedral VO6 units having a center of inversion. When the symmetry of the

ligands is lowered from 0 h the inversion center is broken as in the case of

V203, V407 o and V 0 with distorted octahedral V06 groups; and in V 0 with
472 4 625S

distorted square pyramidal VO, groups. The pre-edge absorption becomes dipole

. -.. . . . . . . ..... . -- .-.
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allowed due to a combination of stronger 3d-4p mixing and overlap of the metal

3d orbitals with the 2p orbitals of the ligand.(11)

The intensity variation of the pro-edge peak across the oxide series is

noteworthy. As seen in Fig. 3 the oscillator strength increases with progres-

sive relaxation from perfect octahedral symmetry (as in VO) to distorted

octahedral V06 groups as in (V203, V407o V 204) and to a lower coordination

with a short V-0 bond (see Table 1) in a square pyramidal symmetry (as in

V20S). The "molecular cage" effect on the oscillator strength of this transi-

tion to the 3d orbitals in K-edge spectra as noted by Kutzler et al. (5 0 )

appears to be operative here. We shall discuss the cage size effect in more

detail in Section 111.0 in conjunction with other vanadium compounds which

also exhibit a strong is -4 3d pro-edge transition.

Closer examination of the spectrum of V203 shows that there is a multi-

- plot structure in the pre-edge peak region. The multiplet structure which

shows splitting of -1.3 eV and -2.0 eV %an be seen more clearly in the

corresponding derivative spectrum in Fig. 4. The splittings in the is -- 3d

transition is caused by crystal field splitting of the ground state,(11) and

in the case of V203 the d levels of V3 + ions in C3 site are split into A + 2E.

A similar triplet pro-edge structure is also observed in roscoelite and V2 S3

as well as in other transition metal compound with similar crystal symmetry

such-as TiO 2(18) (See following section). A doublet splitting is also evi-

dent in the case of V205 shown in Fig. 4.

The energy positions of various absorption features are found to be

correlated with the oxidation state (formal valency) of V in the oxides. The

experimental data are summarized in Table 2. With increase in oxidation



9

state. (a) the absorption threshold as defined by the position of the first

peak in the derivative spectrum,. (b) the absorption edge as defined by the

second peak in the derivative curve, (c) the energy of the pro-edge peak, and

(d) the Is -) 4p transition above the absorption edge all shift to higher

energies. The energy shifts, so-called chemical shifts are found to rollow

Kunzl's law (51 '52 ) and vary linearly with valence of the absorbing vanadium

atom as shown in Fig. S. The positive shift in the threshold energy with

valence increase can be understood conceptually to be due to an increase in

the attractive potential of the nucleus on the Is core electron and a reduc-

tion in the repulsive core Coulomb interaction with all the other electrons in

the compound. The lines in Fig. 5 are least-squares fitted lines with slopes

of 1.4. 1.1, 2.5, and 3.2 oV per valence increase for the threshold, pre-edge

peak, the absorption edge and the Is -* 4p transition respectively. The

increase in slope merely reflects tighter binding of the inner 3d and 4s lev-

" els with respect to the outermost 4p levels which are more easily perturbed by

valence change.

Finally a comparison with earlier data on these oxides is in order. A

number of K-edge absorption studies have been reported using x-ray tube

sources. (3 "27.28) All of these earlier studies failed to measure many of the

narrow spectral features in both the pro-edge and edge regions because of the

poor resolution of their experiments. For example the pre-edge peaks for V 407

and V 0 shown in Fig. 3 were not resolved and that for V 20 was severely

suppressed in intensity.( 3 2 7 28) Sample over-thickness and phase purity con-

tributed to the sources of differences. The structureless absorption feature

above the K-edge in V2 05 was attributed to a lack of octahedral symmetry of

(28)the V center, which is not so as shown in Fig. 3. This was an artifact

7- ,2
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due to sample over-thickness in a transmission experiment. In the sane

(28)
study, a pro-edge peak not expected of V In perfect octahedral symmetry

was recorded for VO. The sample in all likelihood was contaminated with V205.

III.C V in Octahedral Coordination

Roscoelite is a one-layer monoclinic mica in which the A13  ions in the

octahedral A10 6 sheet are partially substituted (-17%) by V3 + ions which

occupy distorted octahedral sites. (53 ) The V I-edge spectrum of roscoelite is

shown in Fig. 6 and is qualitatively similar to that in pure V203 . The pro-

edge absorption in roscoelite again exhibits a triplet feature but is more

intense and much better resolved than that in V203. The normalized peak

intensity of the Is -4 4p transition above the edge at 21.S eV is also higher

(1.4), indicating a larger emptiness of the final p state in roscolite

induced by the smaller and more polarizing next-nearest Al3+ neighbor compared

with pure V 203

V2S3 is also monoclinic'54,55) but the crystal structure has not been

determined. Its V K-edge XANES is also plotted in Fig. 6 and bears general

resemblance to those of V203 and roscoelite., suggesting that V3  are six-fold

coordinated by S in a distorted octahedral environment. The positions of the

threshold, pro-edge peak, edge and Is -4 4p transition are quite similar to

those of V 203 and roscoelite (see Table 2). The triplet pre-edge feature is

23better seen in the derivative spectrum shown in Fig. 7. Compared with V203

and roscoelite the is -- 4p transition in V2S3 is broader and lower in peak

intensity. This may be due largely to a ligand (electronegativity) effect to
b

be discussed later in Section 11l.5.

I

.. . . . . . . . . .. . . . . .
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III.D V in Tetrasonal Saeure Pyramidal Coordinatiop - 4

Five-fold coordination is typical of a aumber of vanadyl compounds con-

taining a short V-0 bond at a distance of -1.6 A. Vanadium in these compounds

generally is tetravalent,. although pentavalent vanadium compounds such as V205

and the oxyhalides of vanadium (VOX3. X-F.Cl or Br) are also known to have a

short V-O bond. (26) In Fig. 8, the K-edge spectra of a series of vanadyl com-

pounds are shown. The respective formal valence, bond type and nearest neigh-

bor bond distances are given in Table 1. Like V205. the lANES spectra of

these compounds are typified by a strong is -4 3d pre-edge absorption. The

energy position of this pro-edge peak, as well as those of the absorption

threshold, absorption edge and the Is -3 4p transition are summarized in Table

2. In VOPBD(5 6 ) vanadium is tetravalent and is coordinated by oxygens at dis-

tances of 1.61 A. 1.95 I1, and 1.98 A. In VTPP 15 7 "58 ) and VP 9 vanadium is

also tetravalent. The basal plane of the square pyramids is now replaced by

nitrogen ligands. As seen from the bond distances given in Table 1, the

tetragonal pyramid unit in both the porphyrin and phthalocyanine compounds is

more regular than that in VOPBD. and consists primarily of a single distance

to the basal ligands. However, there is a discernible difference between

these two compounds: both the V-0 and V-N distances in the phthalocyanine are

shorter than those in the porphyrin compound. This difference in bond dis-

tance appears to correlate with the intensity of the pre-edge Is -3 3d absorp-

tion, again indicative of a "molecular cage size" effect. The smaller the

cage, the higher the intensity of this transition as in the case of VPc.

In VOSO4. 3820 the tetravalent vanadium center is essentially five-fold

coordinated by a short vanadyl oxygen at 1.56 A, two oxygens from 2 SO groups

at 2.02 1 and 2 more oxygens from 2 water molecules of hydration at 2.06 1.

~~~~~~~~~~~~..-.-.-...............-..... .. ,.'..,......-... .. . . . . . . . .. ............ ............-. -............-..... -
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However, there is a sixth oxygen from a third water molecule at a further dis-

tane of 2.28 j.(60" This situation is similar to V2 05, in which case the

sixth oxygen is yet at a further distance of 2.78 1 from a V0$ unit below, and

is too far to be considered in the primary coordination sphere. (44 ) It is

interesting to note that, like V 20 5, VOS04 -3H2 0 also exhibits a weak shoulder

on the low energy side of the pre-edge peak. The shoulder feature is easily

discernible in the derivative spectra of VOSO 4 -3 2 0 shown in FIg. 9 and FIg. 4

for V205 .

III.E V in Tetrahedral Coordination

The intense dipole-allowed absorption occurring in the pre-edge region of

K-edge spectra of transition metals in Cr0 4 , Kn&(41 MOO 4~~2 Nos 4 5

and more recently TiO 4 units
(1 8 } is well known. The presence of this absorp-

tion is diagnostic of a tetrahedral environment of the x-ray absorbing transi-

tion metal. This characteristic pre-edge absorption is also found in K-edge

spectra of vanadium in four-fold coordination. In Fig. 10 a series of V K-

edge XANES spectra are shown for the cases of NH4 VO3 o CrVO4 , and Pb5 (V04 )3 C1

vanadinite mineral. Vanadium is pentavalent in these compounds. The energy

positions associated with various absorption features in the XANES are similar

to those of V2 0$ (see Table 2).

NH4 VO3 is a metavanadate isostructural with KVO3 , space group Psab with

Z-4 per unit cell.( 6 1) The structure consists of tetrahedral V04 chains simi-bq Z=4

lar to those in diopside CaMg(SiO3 )2. However, there are two types of V-0

bonds in the tetrahedral chain. Within the VO4 tetrahedron two bonds are

formed with oxygen atoms which link the tetrahedra together and have a V-0

distance of 1.81 1. The other two bonds are formed with terminal (unlinked)

-....".",'-" " .../ .,...-.-.. .' .-. '.'. .-....... ..-. ...... . . .-.-.. .... .- .. .• . . ° , . . . .... .... , -,.. - -,,
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ozygens in the mirror plane and have a shorter V-O distance of 1.66 A. Asym-

metry of the vanadium tetrahedron has been ascribed to the tendency of V to

form multiple bonds with oxygens. 6 1 )

CrV04 is also orthorhombic. space group Onc with Z-4 per unit

cell. (62,63) Since V and Cr have very similar atomic scattering factors, z-

ray diffraction measurements have not been able to locate correctly the V and

Cr atoms in the structure. By using the characteristic pre-edge absorption,

Lytle (6 4 ) showed that the Cr K-edge in CrVO did not exhibit a pre-edge line4

whereas the V edge did, and concluded that V is in the four-fold coordinated

C sites and Cr in the six-fold coordinated C2h sites of the structure. Like
2v 2

- fUN4V03 there exists two V-0 distances in CrVO4 at 1.72 1 and 1.80 , the

difference of which is smaller than that in NH4 VO3.

(65)
Vanadinite Pb5(V04)3CI is a mineral isostructural with fluorapatite.

In this compound the pentavalent V center is four-fold coordinated with oxy-

ens and takes the place of phosphorus in the apatite structure. No crystal

• -structure determination has been made of this mineral. The V-0 bond distance

was estimated to be -1.75 066) The width of the pre-edge peak is narrowest n

for the mineral, being 2.2 eV compared with 3.0 eV and 3.5 eV for CrVO4 and

NH"4 V 3 respectively. The width may be correlated with the spread of V-0 dis-
4o3

tances in the various VO tetrahedra: 0.15 X in NH VO and 0.08 1 in CrVO4.4 43 4

Extrapolating, it is likely that the V-0 bond distance in Pb(V04 )3 C1 is

single-valued. The sharpness of the pre-edge peak is also reflected in the

derivative spectra shown in Fig. 11. In fact, the weak shoulder on the low

energy side of the pre-edge absorption for NE4 V03 is clearly brought out in

Fig. 11.

. * * . . . • *.*
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1II.F V lntermetallic Compounds

Vanadium forms alloys and intermetallic compounds with a large number of

elements.( 6 7 )" We have measured several intermetallic compounds of V with the

light elements: VI, VB2 . VC, VN, VP, and VSi 2 . The normalized %ANES spectra

are shown in Fig. 12 and the corresponding derivative curves are shown in Fig.

13.

VI has a body-center tetragonal structure. (68) but details of the atomic

arrangement within the unit cell have not been determined. The V I-edge spec-

trum of this hydride is rather structureless consisting essentially of an

absorption edge. Weak absorptions on the rising part of the edge are discer-

nible only in the derivative spectrum.

1 (9V 2 belongs to the space group D with Z-l per unit cell.(69) The V and
2  o6h

I atoms occupy D6 h and D3h sites, and lie in alternate planar layers in the

the hexagonal structure. Each V has 6 equidistant closest metal neighbors in

its plane, and 12 equidistant B neighbors. 6 in the layer above and 6 in the

layer below the metal atom. The existence of a center of inversion symmetry

precludes a ls -- 3d type transition in the pre-edSe region.

VC( 7 0 ) and VN( 7 1 ) have the same NaCl structure as VO. The near-edge

spectrum of the latter has been plotted in Fig. 3. VP has a Nia struc-
(72

ture with V atoms in D3d sites.
7 2 ) The spectra of the intermetallics VC. VN.

. and VP exhibit a pre-edge absorption, and in the case of VC. a pre-edge peak

* at 5.4 eV is well resolved. Since there exists a center of inversion in both

0h and D3d symmetries, the Is -3 3d transition is dipole forbidden and is only

quadrupole allowed (but with low intensity). The experimental intensities of

the pro-edge absorption "a both VN and VC are quite high when compared with

* *. ..



those of V 203' V2S3 and roscoelite, which are shown in Fig. 6. Also, it is

noted that the intensity of the pre-edge peak increases in going through the

series V0, VP, VN1, and VC and may be correlated with the character of the

unocupied states above the Fermi level which become less metal-like and more

ligand-like.

VSi2 belongs to space group D6 with Z-3 per unit cell.
(7 4 ) V atoms are

situated in C2 sites in the structure. In the region of 5-25 eV the V I-edge

spectrum exhibits a multitude of unresolved absorptions. which can be

enumerated more easily in the corresponding derivative spectrum of Fig. 13.

The energy positions of the absorption threshold, the edge and is -4 4p

transition for these intermetallic compounds are given in Table 2. In general

these energies are lower than those of the oxides and other compounds dia-

cussed in the preceeding sections. The IANES spectra of these intermetallics

vary from being rather featureless such as that of VI to being rather complex

such as that of VSI2.

III.G Intensity of the Pre-Edse Absorytion

As seen in the preceding sections, the pre-edge absorption is an out-

standing feature in the K-edse lANES spectra of vanadium in a number of the

compounds selected for this study. Empirically the strength of this pro-edge

transition is found to be dependent on the size of the "molecular case"

defined by the nearest-neighbor ligands coordinating to the x-ray absorbing

vanadium center. This correlation is illustrated in a series of plots of the

observed intensity versus a cage size parameter. In Fig. 14, the intensity

was obtained as the product of the normalized peak height and width at half

heisht. V %. The cage size parameter was defined as an averase bond distance,

o° . , ,'-.- *.* .. .
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- 1/n R where a " number of nearest-neIghbor bonds given in Table 1. In

Fig. 14, for each geometry type it is clear that the smaller the "molecular

cage", the higher the intensity of the pro-edge absorption. This has been

noted qualitatively in the preceeding sections. Here an attempt is made to

obtain theoretical foundation, within a quantum mechanical framework, for this

intensity variation with case size. Ideally, the theoretical explanation

should be independent of cage geometry and therefore be more general than the

correlation empirically given in Fig. 14.

For K-edge XANES, the pre-edge absorption is due to a transition from an

initial Is state, l0 of the central x-ray absorbing vanadium atom to some

final molecular orbital state, Off of the vanadium-ligand cluster. tf may be

given as a linear combination of the appropriate atomic orbitals 9ie'S which

include the 2p orbitals of the oxygen and/or nitrogen ligands:
',

Of ci9 i  (2)

In the dipole approximation, the matrix element associated with the transition

is

(0fII9l> = 2 1 (c ii < iNt~l (3)

where N is the dipole operator. The intensity, I, is proportional to the

square of the matrix element,
p

I a j<tf IuI~ >12 (4)

Using the Slater-type orbitals (STO) expression derived by Vahl, Cade, and

Roothasn(7 5 ) for the one-electron two center molecular integrals, Equation (4)

may be approximated by

.. . . .a c, 2 oxp(- .R-)1 2 (5)
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- where a are the LCAO coefficients such that a 2 1, 1 is the bond dis-
dth

*tance of the It ligand In Bohr units and are the atomic orbital

exponents. A large value of i implies a fast decay of the orbital away from

the nucleus, i.e. a localized orbital.

Rewriting Equation (5) using a two-term expression on the right-hand side

which includes only the short vanadyl bond, R1, and the average, R2 , of the

remaining longer vanadium-ligand distance for the vanadium compounds studied

here, we obtain

I [le(y) 2 exp(- 1 2(yR2 )
2exp(-ZRl2 )]

2  (6)

where y - 1.89 Bohr units/X and R1 and R2 are now in I. Equation (6) is

designed to evaluate the effect of the short V-O bond on the observed pro-edge

intensity. A plot of In I versus In [ cCR) 2exp(-ZYR1 ) + c )2 0xp(- 2)]

should yield a theoretical slope of 2 for a proper choice of c, c0 and

A series of systematic iterations m undertaken to calculate the slope

of In I versus In ERRS of Equation (6)] using the observed pro-edge intensity

and the known bond distances (Table 1) for the vanadium compounds shown in

Fig. 14. The steps.in the analysis are given in the following: (a) Fixing

*I =2, the free atom value for oxygen, and varying the cl/C 2 ratio, the slope

never attains or exceeds 2.0; but maximizes at 1.8 with c /C2 - 0.3. (b) How-

ever, when I is varied at fixed cI/€2, the slope is found to be dependent on

and can have values greater or smaller than 2.0. With c€/c2 in the range

0.3 to 1.0, varies from 1.67 to 1.75 in order to have the slope equal to

2.0. This range of Z values (which is smaller than the free atom value) is

(76)consistent with a value of 1.7 calculated for the 0- ion. (c) Finally, by

using * 1.70 as a fixed value, the slope was found to vary monotonically

. ....... ............................. ...... .... "L
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at 0l/€2 1.10. This Cli12 ratio yields a $5 - X 100 contribu-

1 2

tion of the short bond to the observed intensity according to Equation (6).

In Fig. 15. a self-consistent simulation with c1 M 2 is plotted for the

vanadium compounds which show the pro-edgqe transition. The solid line having
A

a slope of 2.05 was calculated using - 1.7 for all compounds including

those of VPc and VTPP each of which contains four N ligands. When - 1.6 is

used in the second term of the RES of Equation (6) for these two compounds, we

obtain the dotted line the slope of which is lower (1.97), but is within the

accuracy of the simulaticn'

Thus, using a quantum mechanical expression of the kind given in Equation

(6). one can combine a set of geometry-sensitive curves like those shown in

Fig. 14 into a single curve (Fig. 15) which contains structural information in

terms of bond distances as well as bonding information in terms of orbital

exponents, * for the appropriate ligands. Furthermore, the effect of the

short V-0 bond on the pro-edge intensity can also be evaluated in terms of the

€ i coefficients. However, the intensity is dependent on two (or more) bond

lengths in the molecular cage, thus it is not possible to use the relationship

given in Equation (6) to predict the bond length.

111.1 Energy Shifts and Coordination Chare

In Section 111.B we saw that the energy positions (or chemical

(52)shifts (  ) of the threshold, pre-edge peak, the K-edge and the is -' 4p tran--

sition in the LANES spectra of the oxides of vanadium are related linearly to

the formal valence of the central vanadium atom (see Fig. 5). This, of

. . . . . . . . . . .
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(52)course, is Kunal's la and has been shown useful for systems having the S

(77-80)same ligand type -8  e.g. oxygen in the oxide series: VO, V203, V407

V204. and V205. More generally, the chemical shifts in x-ray edge spectra are

due to a combination of valence, eloctronegativity of the bonding ligands,

coordination number and other structural features. These factors may approxi-

mately be accounted for by the concept of coordination charge, qj, defined by

Batsanov(81) as I

- Z - C (7)

where Z is the formal valence of the central atom, C is the degree of

covalency which equals 1 - i, i being ionicity, and N is the coordination

number. For a purely ionic material like NaCl, C=O and =Z. i.e. valence of -

constituent atom equals its coordination charge.

Now the multiple-bond ioniclty i is given by

i exp X- X)2] (8)

and

1-exp [-4 X A - B) ]  
(9)

is the single bond ionicity. (82) Combining Equations (7), (8), and (9), we

obtain

= ZI (10)

which is the charge appearing at the periphery of the atom as a result of

chemical bonding to its igand. In qualitative terms, the coordination

charge concept simply states that as the valence electrons are pull away

from the metal atom by the electronegativity. I., of the coordinating ligands.

all of the other electrons of the central atom become more tightly bound in

_..-. ............ ... , qC *, ., ,. ._ . , *. * . . ,. .'.... . ..
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order to shield the unchanging nuclear charge. Hence a [-shell transition

must increase in energy with an increase in the product of valence Z and loni-
(12)"

city. I. The coordination charge concept has been used by Cramer et al...,

to identify the chemical state of No in nitrogenase from chemical shift data

of a series of No model compounds. More recently Lytle at al. (2 0a) have

correlated the intensity of the Lill-Vhite line in some Au. Pt and Ir com-

pounds with coordination charge on the metal atoms.

In Table 3. the pertinent quantities are listed and the coordination

charge calculated. for a variety of vanadium formal valences and ligands

relevant to this investigation. In cases where the first coordination shell

is mixed, a weighted average electronegativity was used. In Fig. 16. the

energy positions of the absorption threshold as determined by the first ;eak

in the derivative spectra (Fig. 2a, 4, 7. 9. 11. and 13) and the main absorp-

tion edge (Table 2) for all the vanadium compounds studied here are plotted

versus coordination charge. Although there is considerable scatter, particu-

larly for the main absorption edge where a variety of spectral features occur-

ring in the edge make identification of the edge rather subjective, the simple

coordination charge concept allows a much more systematic and general organi-

zation of the data than valence alone. In compounds such as VH, VBg, VSi2 ,

VP, and VC, the bonding is essentially metallic in nature. The coordination

charge of the vanadium center in these intermetallic compounds is low, and 0

yields lower threshold and I-edge energies compared with the more strongly,

chemically bonded oxides and oxy-compounds. Ligand electronegativity effects

can be seen in the cases of V2 S3 versus V2 03 , and the nitrogen-containing VPc 0

and VTPP versus VOPBD and V2 04 . For compounds that exhibit a pro-edge absorp-

tion, the energy position of this feature is plotted versus , in Fig. 17. The

...- ~~- ...
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lines in both Figs. 16 and 17 were drawn using linear regression analysis and

have slopes equal to 3.4, 1.4, and .9 eV per coordination charge unit for the

K-edge, the threshold, and pre-edge peak respectively. The differences in

slopes are statistically signifiant. They are also chemically reasonable in

that the pre-edge peak (with final states primarily of the V 3d character) is

st lower energy and is expected to be more tightly bound, hence less sensitive

to changes in valence and ionicity than the more diffuse, higher energy 4s and

4p final states. In general terms, the well defined 3d level is "hard". The

us and np continuum are "softer".

IV. Concludint Remarks

With intense and well-collimated synchrotron radiation as a light source,

high resolution spectral features in the vicinity of the x-ray absorption

edges not previously recorded with conventional x-ray tube sources can now be

obtained routinely and with good accuracy. The existence of a wide range of

chemical structures in vanadium compounds greatly facilitates a systematic

study of the effect of valence, site symmetry, coordination geometry, ligand

electronegativity, and bond distances on various absorption features in the

UANES spectra of a single constituent atom.

Particularly informative is the pre-edge absorption in the V K-edge spec-

tra of these compounds. Its occurrence, energy position and intensity can now

be understood in terms of site symmetry, coordination charge on the x-ray

absorbing V atom, bond distances, and electronegativity of the coordinating

ligands. In perfect octahedral symmetry which has a center of inversion, the

Is -) 3d transition is only quadrupole-alloved and thus is very weak. Pro-

gressively lowering the site symmetry to a distorted octahedral, square

" ~~ ~~~~~~~~ .. ........:. .:: . :: ::: : :::: ===================x :i:-:::::~ i:
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pyramidal and tetrahedral geometries promotes the dipole-allowedness of the

pre-edge absorption and yields an increasing intensity. This is due to the

different mixing of metal and ligand character allowed by the change in local

symmetry about the metal atom. This trend of intensity change with local site

symmetry is seen clearly in the pre-edge peaks of VO. V2 03 , V4 07 , V2 05 (Fig.

3) and the vanadates (Fig. 10).

The observed intensity of the pre-edge can be related quantitatively to

cage size of the metal-ligand cluster defined by the short V-0 bond length and

the average of the remaining longer V-Iigand bonds according to

I [c(RJ)2 exp(-TR1 ) + c 2 R) 2 exp(- R2 ) 2 as described in Section III-

G. Systematic simulations lead to a self-consistent value of orbital exponent

value. , of 1.67-1.75 which agrees with the theoretical value of 1.70 for

the 0 ions. Using a theoretical slope of 2 as a criterion of fit in the plot

of In I versus In [cl(R) 2exp(- + c2 (y)exp(- yR] the contribution

of the short bond in determining the intensity of the pre-edge peak is found

to be 55%. The value is much higher than values of 16-20% that correspond to

the fractions of short V-0 bond to the total number of V-ligand bonds in these

compounds.

In this study, the XANES spectra of VH, VB2 , VC, VN, VP, and VSi are
2P 2

also reported. The V K-edge spectra of these intermetallics may be rather

structureless as in the case of VH, or rather complex as in the case of VSI2 '

The understanding of the near-edge absorption features of these intermetallics

is far from being satisfactory when compared with the non-metallic oxygen and

nitrogen compounds discussed in this study. Band structure effects are

expected to play a role in determining the observed absorption characteris-

tics, but calculations are not available for these vanadium intermetallic

* . . . N . .. . . . , -
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compounds at sufficient energy above the Fermi level. In the case of VO[83 )

184)and VC the band structures were calculated only to a few eV'a above the

. Fermi level. It is our hope that further theoretical work will be simulated

for this class of materials in the future, and that calculated density of

state (DOS) and projected DOS will become available for energies 20-30 oV

above the Fermi level.

Finally, it may be remarked that the trends observed for various spectral

variables in the V K-edge XANES spectra of these compounds represent a useful

data base for an improved understanding of absorption edge theory and/or for

characterizing and identifying the structure and bonding of V in unknown

materials.
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Fimure Captions

. Fig. I Room temperature V K-edge absorption spectrum of vanadium metal show-
ing schematically the edge normalization procedure (see text). The
zero of energy is taken with respect to the first peak in the derive-
tive spectrum shown in Fig. 2(a) at 5465 eV.

Fig. 2 (a) Derivative and (b) normalized absorption spectra of vanadium
metal in the range ± 70 eV.

Fig. 3 Normalized K-edge lANES spectra of vanadium oxides, the zero of
energy is taken at 5465 eV.

Fig. 4 Derivative plots of the K-edge spectra of vanadium oxides shown in
Fig. 3.

Fig. 5 Oxidation state versus energy positions of various absorption
features in the V K-edge XANES spectra of various vanadium oxides.

Fig. 6 Normalized V [-edge XANES spectra of roscoelite and V2 S3 .

Fig. 7 Derivative plots of the K-edge spectra of roscoelite and V2 03 shown
in Fig. 6.

Fig. 8 Normalized V K-edge lANES spectra of a series of vanadyl compounds.
VOPBD = vanadyl bis 1-phenyl 1,3 butane dionate, VTPP - vanadyl
tetraphenyl porphyrin; VPc =. vanadyl phthalocyanine.

Fig. 9 Derivative plots of the K-edge spectra of vanadyl compounds shown in -

Fig. S.

Fig. 10 Normalized V K-edge XANES spectra of N 4VO3, CrVO4, and vanadinite.

Fig. 11 Derivative plots of the K-edge spectra of NH VO CrV0 and vanadin-
ite shown in Fig. 10. 4 4

Fig. 12 Normalized V K-edge UANES spectra of a series of intermetallic con-
pounds.

Fig. 13 Derivative plots of the K-edge spectra of the series of intermetallic
compounds shown in Fig. 12. The spike above 40 eV is a glitch.

Fig. 14 Intensity of pre-edge absorption versus average bond length K of
first shell ligands in various cage geometries.

" Fit. 15 Plot of In I vs. In j(R) 1 + (yR2) • using the same

(solid line) and different (dotted line) values of for oxygen and
nitrogen compounds.

Fig. 16 Coordination charge on the V absorber vs energy positions of (a) the
threshold of [_photoelectron ejection, and (b) main absorption edge
of V in all the vanadium compounds studied here.

. . o . .. . . ,. . .- ,. ..- . .
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Fig. 17 Coordination charge on the vanadium absorber versus energy position
of proedge absorption In some vanadium compounds.
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Table 1 
Relevant Structural Pazmeters of Vanadium" Compounds

Formal Bond No. of Bond Ref.
Compound Valence Type Boads. (N) Distance (1)

V metal 0 V-V 8 2.622 26

V0 2 V-0 6 2.05 40

V203  3 V-0 3 -1.96 41

3 2.06

V4 07  34 V-0 . 6 1.883 1,897"1.937 2.032 2.042 2.101 42

v204 4 V-O 6 1.76 1.86 1.87 2.01 2.03 2.05 43

5 V-0 5 1.585 1.750 1.878 1.878 2.021 44

V2S3  3 V-s 6 2.08 (AV.) N,R by EXAPS 54

Roscoelite 3 V-0 6 - 2.0 53

VOPBD 4 V-O 5 1.612 1.946 1.952 1.986 1.982 56

VOSO4 3H20 4 V-0 1 1.56 60

V-0S03  2 2.02

V-O 2  2 2.05 2.08

vp. 4 v-o 1 1.58 39

V-N 4 2.008 2.024 2.034 2.038

VTPP 4 v-0 1 1.62 57 58

V-N 4 2.097 2.099 2.102 2.110

N 4V 3  $ v-a 4 1.66 1.66 1.81 1.81 61

CrVO4  5 V-0 4 1.72 1.72 1.80 1.80 62 63

PbS(V04)3 Cl 5 V-0 4 - 1.75 65 66

vs 1 V-I 6 68

VB2  4 V-I 12 2.31 69

VC 4 V-C 6 2.091 70

IN 3 V-N 6 2.07 71

VP 3 V-P 6 2.41 72

VSt 4 V-Si 6 2.50 74

6 2.64

Note: loscoelite is KAIV2S 3 01 0 (Of)2; VOPBD is vanadyl bis 1-phenyl-l13

butane dionate; VP. is vanadyl phthslocyanine: VTPP is vanadyl tetraphenyl

porphytia.
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Table 2

Energy Positions of Various Spectral Features in the
V K-edge XANES Spectra of Vasadium Compounds, 1 0.2 eV

Pre-EdXe main Is -* 4p
Compound Threshold Peak Edge Transition

V Netal 0 10 8.8 19.3

VO .8 - 8 20.4

V203  1.9 3.4 10.7 23.5

V407  2.1 4.1 11.8 25.1

V204  3.5 4.5 14 26.2

V20$  4.8 5.6 15.1 30.1

114V03  4.1 4.8 17.2 26.6

CrVo4  4.1 4.8 17.6 24.2

Vanadanite 3.9 4.5 18 25.1

V2S3  .6 10.5 23.5

Roscoelite 1.9 2.6 10.6 21.5

VOPBD 3.5 4.1 14.9 19.8

VPc 3.0 3.9 13.4 27.3

VTPP 3.5 4.1 13.4 25.7

VOS04 3H2 0 4.1 4.8 15.6 21.0

VI .61 - 6 18.7

VB2  1.2 - 7.9 19.1
V"2•

VC 1.5 5.4 9.9 20.4

VN 1.5 4.8 8.7 19.8

VP 1.5 4.8(sh) 7 20.

VSi2  .5 - 7.9 27.7

2. ...



Table 3

Spectral Characteristics of Pro-Edge Peak
in Vanadium Compounds

Energy Peak Half
Position Height WidthJ Intensity

Compound (10.2 oV) (10.02) (10.2 oV Height z'.%-

V203- 3.4 0.06 - 7 - 0.4

Y4 07  4.1 .19 5.1 .97

V204  4.5 .35 4.1 1.43

V2 03 .6 .79 3.15 2.48

VOPBD 4.1 .61 2.38 1.45

VOSO4 ' 3H2 0 4.1 .48 2.04 .98

VPc 3.9 .79 2.63 2.09

V PP . 4.1 .$7 . 2.29 . 1.31

NBVO3  4.8 .91 2.55 2.32

crvo4  4.8 .82 2.30 1.89

Pb(Vo4)3Cl 4.5 1.06 1.96 2.07 .

.4 3 *'4 ...

.- ~. "



Table 4

Calculation of Coordination Charge

3Electronegativity. lonicity Bond Charge

Elemost x I Type I

V 1.63 0 v-v 0
(by definition)

0 3.44 0.56 *2_011

V+3-0 1.68

V +3.5-0 1.95

V+4-0 2.24

V+'-02.80

N 3.04 .39 V*3-N 1.17

V +4-N 1.56

0-V+4-N 1.704
S 2.58 0.20 V+'-S 0.*60

C 2.55 0.19 V~C0.76

B 2.0 .034 V+4-E 1.36

P 2.19 0.07S V 3-P 0.22

Si 1.90 0.018 V?4 _Si 0.07

H2.20 0.078 V*1-I 0.08

(a) Frost F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemistry", 2nd

Edition, Interscience (1972) p. 15.
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